ABSTRACT
INTRODUCTION
Pavement condition can have an important effect on highway safety. According to the American 3 4 Highways and Streets, pavements should enable drivers to steer easily, keep their vehicles moving in the 5 proper path, and provide a level of skid resistance that will accommodate the braking and steering 6 maneuvers that can reasonably be expected for a particular site (1) . Skidding crashes, a major concern in 7 highway safety, are usually related to pavement rutting, polishing, bleeding, and dirty pavements (1) . 8 Previous research regarding the safety effect of pavement condition usually focused on either 9 maintenance activities such as resurfacing or a certain type of pavement distress. Few studies were able to 10 evaluate the safety effect of the general pavement condition, due in part to a lack of systematic data on 11 overall pavement condition across the roadway network. If this information were available, it could be 12 used for a variety of applications, including prioritizing sites for the agency's annual paving program or 13 quantifying the benefits of preventative maintenance treatments. 14 Historically, it has been difficult to evaluate the safety effect of pavement conditions because of 15 the lack of robust and consistent pavement condition measures. The Virginia Department of 16 Transportation (VDOT) began automated pavement condition data collection using digital images and an 17 automated crack detection methodology in 2007, which led to significant improvements in the 18 consistency and efficiency of pavement condition data assessments. Since then, pavement condition 19 information has been updated annually for the entire interstate and primary highway systems and every 20 five years for the secondary system (2). This development has enabled engineers to track historic 21 pavement condition information, and thus facilitates safety research regarding the effect of pavement 22 conditions on crash frequency and severity. 23 
Association of State Highway and Transportation Official's (AASHTO) A Policy on Geometric Design of
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OBJECTIVES AND SCOPE
26
The intent of this paper is to provide DOTs with information that will allow them to include safety in the 27 pavement management decision making process. It is not intended to be used as a justification to repave 28 a road section that has a demonstrated pavement friction problem. The objective is to quantitatively 29 evaluate the safety effectiveness of good pavement conditions versus deficient pavement conditions. The 30 effect of pavement condition on both overall crash frequency and crash severity was examined. The 31 targeted facility type is segments on rural two-lane primary highways in the Commonwealth of Virginia. 32 The Empirical Bayes (EB) approach was applied using information from VDOT databases containing 33 roadway inventory information, crash history, and pavement condition between 2007 and 2011. 34 
35
LITERATURE REVIEW 36 37 While there has been a longstanding interest in examining the impact of pavement condition on safety, 38 there are relatively few studies that have examined this issue in detail. Initial investigations in the late 39 1980s examined the effect of resurfacing. A synthesis by Cleveland of published evidence from studies 40 conducted before 1986 found that there was a small, immediate increase in overall crash frequency for 41 rural resurfacing projects conducted to address structural quality or poor ride condition (3). On the other 42 hand, it was found that there was an average reduction of about 20 percent in wet pavement crashes for 43 resurfacing projects conducted due to high numbers of wet pavement crashes (3) . In light of these diverse 44 findings, Cleveland concluded that the detrimental effect of resurfacing on safety, if any, is likely to be 45 small. A related hypothesis was that vehicle speed will increase due to the smoother pavement surface 46 after resurfacing, which, in turn, results in more crashes. concluded that non-intersection crashes did increase by 21 percent during the first 30 months after 51 resurfacing on "fast-track" projects in which no safety improvements accompanied the repaving, while 1 non-intersection crashes did not change on reconditioning and preservation (R&P) projects that included 2 geometric safety improvements. Another conclusion was that within the first 6 to 7 years of pavement life, 3 safety improves as the pavement ages. In this study, no pavement condition data were collected and 4 information about NYDOT's selection criteria regarding the two types of resurfacing projects were not 5 mentioned. 6 To confirm or refine the Hauer et al study results, a larger study was undertaken in NCHRP 7 project 17-9 (2), which involved five states: Washington, California, Minnesota, New York, and Illinois 8 (5). The EB approach was used. Generally, there were five-years of before data and three-years of after 9 data. The results were inconclusive, as there was not a single consistent pattern of safety effectiveness of 10 resurfacing among and within the states. Crashes were found to increase after resurfacing in some states, 11 but to decline in others. In addition, no explanation was found for these state-to-state variations. 12 Given the hypothesis that smother pavement surfaces following resurfacing lead to higher vehicle 13 speeds, another NCHRP study evaluated the effect of resurfacing, restoration, and rehabilitation (RRR) 14 projects on travel speed (6). Speed data were collected before and after resurfacing at 39 are three common ways to carry out a before-after study: naïve before-after evaluations, comparison 5 group evaluations, and the Empirical Bayes (EB) approach (9). Of these three methods, the EB approach 6 was recommended in the first edition of Highway Safety Manual (HSM) (10).
7
According to Hauer, the EB method is able to account for regression-to-the-mean effects, as well find an adequate sample of sites to study. Because of these factors, the EB method was selected as the 17 most suitable approach for this study.
18
The methodology for this project consisted of three major phases, which are discussed below: The most recent five years of data available were used, from 2007 to 2011. Two data sets were created: 26 one for the reference group and another for the treatment group. The reference group included segments 27 of rural two-lane undivided highways that did not have major construction, alignment changes, or 28 resurfacing during the study period, while the treatment group included rural two-lane undivided 29 segments that had been resurfaced but also did not have major construction or alignment changes in the 30 study period. Also, no safety improvements were included in any treatment group projects examined.
31
Information from the reference group was used to develop the SPFs, and information from the treatment 32 group was used to conduct the before-after studies.
33
The data were mainly obtained from two separate data systems, both of which are maintained by 34 VDOT. The pavement condition data were from pavement management system, while roadway inventory, 35 AADT, and crash history information were from the VDOT Roadway Network System (RNS Table 3 summarizes the distribution of lane/shoulder width of the reference and treatment groups. Overall, the treatment group has a similar trend in the distribution, although there are some magnitude The SPSS statistical software was used to develop SPFs by regressing collected data to negative 38 binomial models. Table 4 
Empirical Bayes Analysis and Results
18
For every individual treated segment, the next step was to combine the sum of initial predictions (N B ) 
The EB analysis was conducted using several different scenarios to investigate whether the safety Table 6 shows the test results, with the number in bold indicating that the t statistic is large 23 enough to reject the null hypothesis. Given the historical pavement condition data, as well as roadway and crash information, this study was give DOTs an idea whether these findings are transferable to other locations. Another direction could be 34 to research the safety effect of pavement treatments other than resurfacing after which pavement 35 condition could be improved from fair to good or from deficient to fair/good. With these information,
36
DOTs could quantify the safety benefit of most pavement treatments across the entire network. However, 37 it may be hard to find adequate before-after data to conduct the EB study, so a cross-sectional study 38 design could be used to investigate these trends. 
